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Abstract 
Defects in Au-catalysed CdTe nanowires VLS-grown on polycrystalline underlayers have been critically 
evaluated. Their low-temperature photoluminescence spectra were dominated by excitonic emission with rarely 
observed above-gap emission also being recorded. While acceptor bound exciton lines due to monovalent 
metallic impurities (Ag, Cu or Na) were seen, only deeper, donor acceptor pair emission could be attributed to 
the Au contamination that is expected from the catalyst. Annealing under nitrogen acted to enhance the single 
crystal-like PL emission, whilst oxidising and reducing anneals of the type that are used in solar cell device 
processing caused it to degrade. The incidence of stacking faults, polytypes and twins was related only to the 
growth axes of the wires (<111> 50%, <112> 30% and <110> 20%), and was not influenced by annealing. The 
potential electrical activity of the point and extended defects, and the suitability of these nanowire materials 
(including processing steps) for solar cell applications, is discussed. Overall they have quality that is superior to 
that of thin polycrystalline films, although questions remain about recombination due to Au.  
 
 
 
1. Introduction 
Both microstructural and point defects have profound effects on the conversion efficiencies of photovoltaic 
(PV) devices. In the case of grain boundaries, recombination loss - leading to reduction in the open circuit 
voltage and short circuit current - is very significant [1]. Even when such boundaries are passivated to electrical 
recombination [2], they may nevertheless contribute to the series resistance of the devices, that acts to reduce 
their fill factor, as has been shown for CdTe solar cells [3]. Moreover, the electrical activity of grain boundaries 
depends on their crystallographic make up [4], with pure Σ = 3 coherent twin boundaries being inactive, and all 
others being active in zinc blende semiconductors. The influence of point defects (including substitutional, 
vacancy and complex types) is similarly complicated:  point defects are responsible for both the shallow levels 
that (beneficially) control the conductivity type of the semiconductors, and also for the compensating and deep 
level behaviour that is deleterious to solar cell performance. Indeed, for the case of CdTe, the current transport is 
usually recombination dominated, with the diode factor of the junctions being ≥ 2 [5], implying that interface or 
else deep level states in the bulk are dominant. Moreover, point defect clouds may interact with extended 
defects, leading to non-uniform electrical conductivity and recombination behaviour [6, 7], for example near to 
grain boundaries where gettering takes place. 
The literature contains many accounts of the various processing steps used for CdTe solar cells. These 
include annealing of the layers (in air and with chlorides) that is considered to have beneficial effects on both 
microstructure (grain growth, recrystallization) and point defects (stabilisation and control of VCd populations 
through the A-centre, VCd-ClTe). The challenges presented by microstructure and point defects are considered to 
be ubiquitous in state of the art thin film polycrystalline CdTe PV devices. Accordingly, since 1992 [8], 
technological progress in achieving increases in efficiency has been slow, with the most recent record being just 
1.5% higher than the 15.8% record of twenty years ago [9]. Research on other device concepts for CdTe PV is 
therefore timely, including that on nanowire devices. 
In this work we explore the microstructure and point defects present in CdTe nanowires (NWs) - in order to 
assess their potential for use in PV devices. The NWs were grown on continuous thin films of CdTe in a 
geometry that is appropriate for use in PV device architectures. We demonstrate that such NWs have point defect 
and microstructural behaviour that is very different from that of polycrystalline thin films, and is of a quality 
similar to that in single crystals. The appropriateness of the NWs for PV applications is discussed. 
Recently there has been considerable interest in the development of NW based PV devices, particularly with 
the aim of overcoming the technological limitations of both amorphous and crystalline thin film silicon. The 
benefits of the approach are considered to be a) increased light trapping from low volumes of material compared 
to thin films [10] and b) the separation of the processes of optical absorption and of carrier collection i.e. with 
absorption taking place as light travels down the length of a NW and carrier collection taking place over its 
width [11, 12], this being postulated to minimise recombination loss provided the NW radius is smaller than the 
average carrier diffusion length. For the case of CdTe NW PV, modelling has indicated that 20% efficiency 
should be achievable [13], whereas 6% has been reached in practice, this being demonstrated using CdS 
nanopillars coated with CdTe [14]. At the present time there are no published reports of NW PV devices based 
on CdTe NWs, and only one report [15] of the growth of CdTe NWs on conductive substrates by the Au-
catalysed vapour – liquid – solid growth mechanism, this being followed up with a modelling study [16]. Despite 
the lack of experimental evidence so far, the performance of NW CdTe cells may nevertheless be expected to be 
influenced by both the populations of microstructural and point defects within the CdTe NWs as explained 
above:  that is the motivation for their study in this work. Both as-grown and annealed NWs are analysed, with 
low-temperature photoluminescence (PL), SEM and TEM being the principal methods used. 
 
2. Experimental Procedure 
The procedure for the growth of the CdTe NW arrays was as follows:  First, continuous films of 
polycrystalline CdTe (1 μm thick) were deposited onto soda-lime glass by RF magnetron sputtering (5N target, 
Ar pressure 10 mTorr, 70 W, substrate temperature 250°C). A gold catalyst droplet array was then generated by 
thermally evaporating a 5 nm Au film onto this CdTe buffer layer and then annealing at 360°C for 30 mins under 
10 Torr N2. The gold supplied by Advent was 99.5% pure; the manufacturer giving a typical impurity analysis in 
ppm of Ag – 80, Cu – 20, Pt – 20, Fe – 3, Mg – 1, and Si – 1. The wires themselves were formed by subliming 
5N-pure CdTe (in a ‘close space sublimation’ apparatus – CSS) for 15 mins with the source being held at 550°C, 
the sample at 500°C and under 10 Torr of N2. The process generates dense arrays of NWs as is shown 
schematically in figure 1a. Further details of the growth and a discussion of the growth mechanism may be found 
in Ref. 15. The NW arrays were subsequently annealed on their substrates for 30 minutes in the following 
environments: a) as-grown control, b)100 Torr N2 at 400°C, c) air at 400°C, d)10 Torr O2 + 90 Torr N2 400°C,  
e) 100 Torr N2 at 500°C and f) 10 Torr H2 + 90 Torr N2 at 400°C. These annealing conditions have been chosen 
as they are similar to those that have been used to improve the microstructure of CdTe in thin-film solar cells 
[17, 18]. 
Low temperature PL spectra were excited using the 514 nm line of an argon ion laser (spot size, 
d = 1 mm) which was highly linearly polarised in the vertical by use of a Brewster window, although with the 
beam being reflected by four mirrors there will be some degradation of the polarisation. The beam was incident 
at an angle of 20° to the normal, with the samples being held at 4K in a closed-cycle He cryostat. PL spectra 
were recorded both from the NW arrays on their substrates and from NWs that had been removed by pressing 
the samples onto clean Si (111) wafers, the latter being more informative (see below). Electron microscope 
imaging and structural characterisation were carried out using a Hitachi SU-70 FEG SEM and a JEOL 2100F 
FEG TEM.  
 
3. Results and Discussion 
A backscattered SEM image of a typical CdTe NW array is shown in figure 1b. The wires were up to 20 μm 
long and had diameters in the range 100 – 300 nm – this not being small enough for quantum confinement to 
become an important consideration. Nevertheless the NW radii are smaller than the reported carrier diffusion 
lengths for CdTe [19] and are hence suitable for PV applications. Their densities – estimated from SEM images 
– were in the range 107 – 108 cm-2. An evaluation of the point defects and microstructure now follows. 
 
 
 
Figure 1:  (a) Schematic diagram of the ‘metamorphic’ growth of CdTe NWs from an array of Au catalyst 
droplets resting on continuous CdTe film. (b) Back-scattered electron image of a typical CdTe NW array. Au 
catalyst droplets appear on the NW tips as bright contrast due to their atomic number. 
 
3.1. Photoluminescence from CdTe control films and nanowire arrays on their substrates 
Figure 2 shows a comparison between the PL from - a) a control film of polycrystalline CdTe, b) an array of 
NWs on their substrate, and c) a group of NWs that have been isolated by removing them from their substrate 
onto a clean Si wafer.  Si does not emit any luminescence in the region we are considering here. 
The spectra from both the films and the NW arrays on their films differ greatly from those from the isolated 
NWs:  The former both comprise a broad donor-acceptor-pair (DAP) luminescence band (~1.35 – 1.5 eV) 
having no fine structure, and little or no near-edge emission. Indeed this is typical for a polycrystalline 
semiconductor film [20-22] in which it is generally supposed that the fields associated with grain boundaries and 
dangling bonds or impurity states cause the loss of fine structure and the quenching of excitonic emission. On 
the contrary, for the case of the isolated NWs, the spectra contain both near-edge peaks (~1.55 - 1.6 eV) and 
donor-acceptor-pair (DAP) peaks (~1.35 – 1.5 eV) that show fine structure. This is more typical of PL from 
single crystal materials, in which the excitonic emission is relatively strong compared to the DAP emission. 
Indeed, the ratio of excitonic to DAP emission is used as a measure of the ‘quality’ of CdTe, this being 
influenced both by microstructure and the populations of point defects participating in the transitions [23]. It 
may be inferred that for the case of NWs on a polycrystalline CdTe layer, the layer dominates the PL emission, 
considering the similarity of the spectrum to that of just the CdTe film. The presence of the NWs in this 
configuration merely causes inhomogenous broadening of the spectra as there is a range of NW diameters. 
However, for the case of isolated NWs the wires themselves have PL emission that is representative of high 
quality single crystals. We do not attribute any differences in the PL spectra between intact NWs and isolated 
NWs to differences in their orientation – intact NWs being oriented at a range of angles to the substrate, and 
isolated NWs lying flat on the substrate – as since these particular NWs are zinc-blende (see Section 3.3.4), their 
optical properties are isotropic.  
For the purposes of this work, the removal of the wires from their substrates clearly gives spectra that are 
unique to the wires, and which give the opportunity for the further spectral analysis and line identification that 
are presented in the next section. Incidentally, for normalizing of these spectra, the intensity of the emission from 
the isolated NWs had to be multiplied by a factor of ~ 5, although it must be noted that the surface coverage of 
isolated NWs on the Si substrate in this case was only 20 ± 5 % (estimated using the Image Tool
TM
 analysis 
software), i.e. ~ the semiconductor excitation volume was much lower than for the films and for the NW arrays 
on films. 
 Figure 2:  Comparison of PL spectra (4K) from CdTe: a) dash/dotted line – control film of sputtered CdTe, b) 
dashed line – NW array on a polycrystalline CdTe film, and c) NWs that had been isolated by removal from their 
substrate onto a clean Si wafer. The latter shows strong excitonic emission and fine structure in the peaks that is 
discussed in the text. Table 1 provides a summary of the main luminescence data from the NW samples, while 
table 2 gives lists the data from the literature cited in the discussion. 
 
3.2. Photoluminescence of isolated nanowires (as-grown samples) 
In this section the origin of the peaks in the PL spectra in Figs 2, 3 and 4a and summarised in table 1 are 
described and discussed with reference to both our own mechanistic studies and the literature. Since the NWs 
might be expected to be contaminated by the Au catalyst (and possibly its minor impurities) we have given 
special consideration to the contributions to the luminescence from Au, Cu, Ag and Na, with the relevant 
literature reports being shown in table 2. 
 
Firstly, the excitonic region with peak energies greater than 1.5 eV:  High energy peaks in this region are 
reported to be associated with excitons bound to neutral acceptors, A
0
X, and their phonon replicas. The most 
intense lines in this region in these samples were at 1.589, 1.569 and 1.548 eV (figure 3 inset), which are indeed 
separated by the LO phonon energy (20 – 21 meV) The relation between the PL intensity I and the incident light 
L, 
kLI  often holds for PL experiments, with the value of k being a useful diagnostic tool for identifying the 
origin of transitions. Excitonic transitions have k > 1, while all others, including DAP for example, have k < 1, as 
discussed by Schmidt [24]. For the case of the 1.569 and 1.548 eV lines, the exponents were 1.27 and 1.13 
respectively (figure 3 main), which is consistent with them being excitonic transitions. Moreover, as expected for 
excitonic transitions, no change to the peak position of these features was observed as the excitation intensity 
was increased. It is noticeable that the most intense line in this phonon replica series is the first phonon replica 
(A
0
X-1LO) peak at 1.569 eV – and while this is uncommon there are reports of it for CdTe [25], ZnO [26-28] 
and GaN [29]. The intensities of phonon replica peaks is normally attributed to the strength of the electron-
phonon coupling arising from the Frölich potential, and this is usually strong for CdTe. Indeed, for these peaks 
the Huang-Rhys coupling parameter was estimated as S = 2.0. However the fit of the peak intensity series to the 
Poisson envelope was not good, with the first phonon replica being more, and the higher orders less intense than 
expected. Since there is no such discrepancy for the DAP phonon replica series described later in this work, we 
conclude that the luminescence is not perturbed from the bulk on account of presence of surface defects as has 
been postulated elsewhere [27, 28]. Instead we speculate that there is an overlap of the A
0
X-1LO peak with an 
unidentified emission line - and the fact that the (combined) line does not have a pure Gaussian shape supports 
this possibility. Magnea [30] summarises the following principal bound exciton PL line energies (recorded at 
1.8K): Ag
0
X - 1.58848, Cu
0
X 1.58956, Na
0
X – 1.58916 and Au0X – 1.57606 eV. It is clear from this that the 
Au
0
X line is absent from the NW spectra whereas it is reported as present for diffused [31] and implanted [32] 
samples. There was also no match to the positions of Au
0
X phonon replica lines. However, the luminescence is 
consistent with A
0
X emission from either Ag, Cu or Na which may be present from impurities in the Au (Ag 80, 
Cu 20 ppm) or from the glass (Na). Since the lines lie within 0.00112 eV of one another and within 0.0006 eV of 
the peak we measured, this experiment cannot distinguish between them. We have therefore assigned the line at 
1.589 eV to being A
0
X (A being possibly Ag, Cu or Na), and the 1.569 and 1.548 eV lines as its phonon replicas 
(as shown in table 1). From the levels of Ag and Cu in the Au, and the fact that Na would have to diffuse from 
the glass, we consider the most likely acceptor to be Ag followed by Cu and then Na. Given the lack of near 
edge Au luminescence, we also looked for matches to other Au-related lines in this region, these being the series 
of three lines assigned to the neutral complex AuCd – Aui by Molva [31], as shown in table 2, and having 
energies 1.57210, 1.53850 and 1.52668 eV. However, there is no match to the first (1.57210 eV), and we 
considered it unlikely that the second two (1.53850 and 1.52668 eV) were hidden under the lines at 1.539 and 
1.529 eV for the following reasons:  a) Molva reports that the three complex lines only appear alongside the 
Au
0
X line, which is missing here, and b) Molva reports that all three complex lines appear together, but the first 
is clearly missing from our spectra. Overall, there is no evidence of Au related near-edge emission from these 
samples, although deeper emission is reported below. The reader is referred to subsection C.i for a discussion of 
the above-gap emission seen in some of the heat-treated samples. 
Secondly, the series of seven peaks and shoulders in the broad feature that is seen in Figs 2 and 4 are 
considered:  Such features are widely seen in CdTe and are ascribed to donor-acceptor pair (DAP) transitions 
and their phonon replicas. Indeed, like the near-edge luminescence, emission for these samples is reminiscent of 
the spectra from single crystal samples. The Huang-Rhys coupling parameter for the series was measured as S = 
2.5, indicating strong-electron phonon coupling (there was a good fit between the Poissonian envelope and the 
intensities). This S-value is typical for the A-centre [ClTe-VCd] in CdTe, although in these samples there were no 
intentionally introduced halogens. The exponent values of k  0.75 for the peaks in the series (table 1) are also 
evidence that this is DAP emission. Moreover, the blue shift of this band (~ 6 meV),  observed upon increasing 
the excitation intensity in the range 60 – 2000 mW/cm2, is a common feature of DAP transitions as the energy of 
emitted photons is dependent on the coulomb potential, which is inversely proportional to the spatial separation 
of donors and acceptors. Greater excitation intensity gives an increased photo-excited carrier concentration 
leading to increased free carrier screening so that more closely spaced DA pairs dominate. 
  the peak position observed blue shift of the peaks with increasing laser intensity – this blue shift is a result 
of the DAP emission energy being dependent on the coulombic separation term, However, since the DAP spectra 
from CdTe is usually at very similar energies, even for material doped with a wide range of impurities, it is only 
possible to infer its origin from knowledge of the impurity content of the particular samples. Hence here we must 
infer the participating acceptor to be Ag, Cu or Na in order of decreasing probability (as discussed above). 
Thirdly, we discuss the broad and weak peak on the low energy side of the spectrum in figure 2 which was 
modelled as a single peak at 1.287 eV in our de-convolution:  It has a k value of 0.5, which is consistent with 
DAP emission. This peak is also consistent with reports of Au-related DAP luminescence:  Molva recorded a 
phonon replica series for CdTe:Au with the peak of the envelope being in the range 1.275 – 1.284 eV; Hamann’s 
implanted sample had a broad peak at 1.267 and de Nobel’s [33] work at 77K had a peak at 1.27 eV. We also 
considered the possibility that this line is oxygen related (since results presented later involve air annealing). 
However, since the deep oxygen emission is generally at a lower energy, as shown by Vatavu [34] for example, 
we assigned the 1.287 eV emission to Au. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Photoluminescence bands excited from CdTe nanowires in this work and their assignments.  
 
 
 
 
 
 
 
Table 2. Literature reports of photoluminescence lines due to Au, Cu and Na. Values marked * are the positions 
of phonon replica lines estimated using an LO phonon energy of 21.2 meV [30], and are not shown in the spectra 
in the references given. They are included for comparison with the lines observed in this work. 
 
 
 
 
 
Figure 3: ln-ln plot of PL intensity against laser power (the laser power was measured in mW/cm
2
) for the 1.569 
eV, 1.548 eV (inset) and 1.432 eV (not shown) features of the PL spectra for mechanically removed as-grown 
NWs. The intensity of PL emission, I was related to the laser power by 
kLI  . Values of k > 1 are consistent 
with excitonic emission, as was seen for the peaks labelled A
0
X and A
0
X-LO. The peak at 1.428 eV is part of the 
DAP series. 
 
 
 
Figure 4: PL spectra of (a) As-grown nanowires and nanowires annealed in (b) 100 Torr N2 at 400°C (c) air at 
400°C, (d) 10 Torr O2 + 90 Torr N2 at 400°C, (e) 100 Torr N2 at 500°C and (f) 10 Torr H2 + 90 Torr N2 at 400°C. 
For all samples, nanowires were mechanically removed onto Si substrates with the spectra being recorded under 
~ 60 mW/cm
2
 of illumination at 4K. SEM images for each sample are shown to the right of the spectra. 
 
 
3.3. Post-growth annealing of nanowires. 
The results of annealing the wires on both the PL spectra and morphology of the wires as revealed by SEM, 
are shown in figure 4. The samples are now discussed in three groups, assigned by the character of their PL 
spectra. Since the number of NWs sampled by the laser beam was not controlled, the intensity of each spectra 
was normalised by equalising the heights of the highest peaks from spectrum to spectrum, with the relative 
heights being used for comparative study. 
 
3.3.1. As-grown and annealed in 100 Torr N2 at 400°C (samples A and B). 
Figure 4 shows that the effect of annealing under nitrogen at moderate temperatures was to increase the 
relative intensity of excitonic over DAP emission, that is to increase the crystal quality of the material. Indeed, 
by this measure, sample B had the highest quality of all. Presumably the mechanism of improvement is that one 
of the (electrically active) centres participating in the DAP transition is reduced in concentration by the 
annealing process. The annealing also introduces a new but weak peak at 1.614 eV, as shown in figure 5. This 
peak is unusual since it is at higher energy than the band gap energy at 4K, which is 1.605 eV. Since the NWs 
have diameters in the range 100 – 300 nm, quantum confinement effects are not considered to be responsible. 
The origins of above-gap emission from CdTe are discussed by Tkachuk [35] and include phonon absorption 
(LO, TO and TA), excitonic and indirect transitions – a variety of such processes are possible. Tkachuk 
specifically attributes emission at 1.614 eV to an anti-stokes process involving the free exciton and a TO 
phonon. Lee et al. observed luminescence centred at 1.615 eV (comparable to 1.614 eV in this work) at 4.9K for 
as-grown p-type CdTe, [36], and attributed it to a anti-Stokes process involving an acceptor-bound exciton. As 
we do not see free exciton emission – at 1.598 eV – we consider the latter to be more probable. For material with 
strong electron-phonon coupling, as is the case here, a large number of phonons are emitted via the Stokes 
process making phonons available for absorption even at such low temperatures. Indeed, the Huang-Rhys 
parameter of the A
0
X series for sample B was calculated to be S = 1.8, i.e. similar to that for as-grown NWs.  
 
 
Figure 5: The PL spectrum of sample B - nanowires annealed in 100 Torr N2 at 400°C – shows evidence of 
above band-gap luminescence. 
 
3.3.2. Annealing in the presence of oxygen (samples C and D). 
Annealing in the presence of oxygen acts to quench the near-edge emission and so the DAP luminescence 
dominates the normalised spectra. Moreover, the structure of both the near-edge and DAP emission is degraded, 
with the identity of individual peaks and the appearance of individual phonon replica peaks being lost. Since this 
effect is greatest for the sample annealed in the greater partial pressure of oxygen (sample C), one may speculate 
that this is an effect of oxidation. Moreover, the air annealed sample shows a new minor peak at 1.523 eV, and 
its SEM image shows visible surface change.  
 
3.3.3. Reducing and high temperature annealing conditions (samples E and F) 
Annealing at 500°C under N2 or at 400°C under H2/N2 further quenches the near-edge luminescence and 
enhances the DAP emission. Moreover, the DAP emission changes in character, with the strongest emission now 
being from the first or second line in the phonon replica series rather than the third. Indeed, the Huang-Rhys 
coupling parameter is reduced to S = 0.7 from its value of 2.5 in the as-grown samples – and this indicates much 
reduced electron-phonon coupling in these samples. Even though the transitions are much more weakly coupled 
to the lattice, the exponents k for the first three phonon replicas (see figure 6) are increased only slightly (to 0.82 
– 0.84) over their as-grown values of ~ 0.75 – the transitions remain of DAP type even though their character has 
changed. There is some evidence in the literature that weak phonon coupling is a signature of transitions 
associated with extended defects or surfaces. Emission at 1.49 eV for example, has been linked to surfaces [37, 
38] although not without controversy [39]. Of all the samples A-F examined, only E and F showed visible signs 
of degradation in the SEM, with roughening of the sidewalls being observed for most of the NWs.  
 
 
Figure 6: Laser excitation intensity dependence of the PL intensity for three features within the low-energy 
defect band region (1.4 – 1.5 eV) for sample E – nanowires annealed in 100 Torr N2 at 500°C. 
 
3.3.4. TEM analysis of as-grown and annealed CdTe nanowires 
Extended defects in the II-VI semiconductors are reviewed in Ref. 40 with twinning in CdTe being 
described in Ref. 4. Since the stacking fault energy of CdTe is relatively low (reported in the range 9 – 10.1 
mJ/m
2
 [40, 41] the material is particularly prone to stacking faulting, twinning, and the occasional incidence of 
polytypic stacking sequences. 
In order to understand the microstructure of the NWs, ten examples each from samples A and B were 
imaged in the TEM. It was found that the microstructure was determined only by the growth axis of the NWs, 
with annealing having no effect on the extended defects. The microstructural trends are therefore now discussed 
with reference to the growth axis only, with typical examples for each of the growth axes being shown in Figs 
7a-d. NWs having one of three growth axes, but no others, were observed, these being <110> (20%), <111>  
(50%) and <112> (30%). In this work the NWs were grown on a polycrystalline film of sputtered CdTe.  
Those growing in the <110> direction (figure 7a) were all defect free, there being no evidence of any planar 
defects. About 10% of those wires growing with the <111> direction were also defect free (figure 7b), whereas 
most contained stacking faults inclined at an angle of 70°32’ to the growth axis, i.e. on another set of {111} 
planes, as shown in figure 7c. The highest density of planar faults was seen in those wires growing along the 
<112> axis, this direction containing a set of {111} planes that extend along the full length of the wires. 
Twinning, stacking faults and polytypes were observed on these {111} planes. While the twinning and stacking 
faults often occurred randomly, there was sometimes periodic behaviour, as shown in Fig 7d. The periodicity of 
the regular structure in the bottom right of the image was consistent with a 4H polytype, that is the stacking 
sequence AαBβAαCγAαBβAαCγ. 
The relationship between the incidence of planar defects and NW growth axis observed in these samples is 
similar to the trends observed for other low stacking fault energy cubic materials, e.g. Au NWs [42]. For the 
cases of <110> and <111> oriented wires, the {111} planes (upon which planar defects occur) are all inclined to 
the growth axis. Hence, whenever they are present, the planar defects soon intersect a NW wall, and they grow 
out. On the contrary, for <112> oriented growth, the growth axis is contained within a {111} fault plane and 
hence the planar faults do not grow out but persist along the entire lengths of the wires. 
 
 Figure 7: a) Single crystal CdTe NW growing in a [110] direction, free of any planar defects (inset: cubic 
diffraction pattern). b) Single crystal NW growing in a <111> direction (inset: cubic diffraction pattern). c) A 
twin in a {111} plane of a NW growing in <111> direction. d) Highly twinned NW growing along a <112> axis. 
The planar defects persist along the length of <112> wires. This image was taken from close to the catalyst 
droplet, which is visible in the top right of the micrograph. 
 
4. Conclusions 
Au-catalysed CdTe NWs have been grown on polycrystalline CdTe substrates (metamorphic growth) and the 
defects within them have been evaluated with the aim of assessing their suitability for use in solar PV 
applications. The influence of post-growth annealing – using steps that are typical for use in PV device 
processing – has also been evaluated. 
Low temperature photoluminescence of the wires shows that they have strong near-band edge features and 
weak DAP (donor-acceptor-pair) luminescence that is characteristic of single crystal CdTe, rather than the 
degraded spectra that are normally associated with polycrystalline films. Moreover, annealing under nitrogen at 
400°C acts to further improve the crystal quality; that is the relative strength of the near edge compared to DAP 
emission lines. For the annealed samples, the rarely observed above-gap luminescence was observed, this being 
attributed to anti-Stokes emission with the participation of an exciton. Such emission is associated with materials 
having high electron-phonon coupling, which is the case for CdTe. This is supported by the observation of 
particularly strong phonon coupling to the (A
0
X) transition. The dominance of the near-edge emission indicates 
that the as-grown and annealed wires have sufficiently high optoelectronic quality to make them potentially 
superior to thin films for PV applications. 
Perhaps surprisingly, the spectra did not reveal any exciton band luminescence that could be attributed to the 
presence of Au (from the catalyst) in the CdTe. Certainly the published accounts of Au acceptor bound exciton 
luminescence from CdTe:Au show strong lines in positions that could not be confused with the ones observed in 
this work at the resolution of our experiment. Instead, there were lines that might be attributed to either Ag
0
X, 
Cu
0
X or Na
0
X, these lines being so close in energy as to be indistinguishable from one another in our 
experiment. All are possible candidates since they occur as impurities in the Au (Ag and Cu) or the glass (Na). 
Au however is represented in the spectra by a weak donor-acceptor-pair peak having an intensity maximum of 
~1.27 eV. Its presence implies that the deeper levels of Au are optically and perhaps electrically active in these 
samples.  
Annealing of the wires, either at higher temperatures under inert gas (e.g. 500°C under nitrogen) or at lower 
temperatures under oxidizing or reducing environments caused the degradation of the luminescence by the 
quenching of the excitonic emission and the dominance of the DAP luminescence. This implies the creation of 
new populations of point defects that would be deleterious to minority carrier device operation. Such treatments 
are therefore unlikely to be of value in solar cell device processing. 
Extended defects in the wires comprise stacking faults, polytypes and twins only. Annealing did not 
influence their incidence or type, and they were determined solely by the orientations of the wires. Since they 
were grown on polycrystalline underlayers, the wires adopted neither a single growth axis nor a fixed tilt angle 
with respect to the substrate. Three growth axes dominated and these were <110> at 20% incidence with no 
planar faults, <111> at 50% incidence with inclined planar faults and <112>   at 30% incidence with the highest 
density of planar faults and lying within the growth axis. For CdTe and other sphalerite semiconductors, these 
planar defects do not disrupt bonding significantly, and have very little intrinsic electrical activity in pure 
samples. The recombination activity of these defects is correspondingly low and it may therefore be said that 
they are not likely to interfere with PV performance in these materials. 
Overall, it has been demonstrated that the optoelectronic quality of the Au-catalysed CdTe NWs is generally 
superior to that of thin films. The NWs do not suffer from the presence of electrically active grain boundaries, 
and their point defect populations are more similar to those of single crystals than to thin films. Instead, the only 
defects present are electrically inactive types, and shallow luminescence dominates the PL spectra, this being a 
positive indication of high crystal quality. However, Au from the catalyst did contribute to deep level emission, 
and such levels may be deleterious to PV device operation. Since the shallow acceptor lines expected for Au in 
CdTe were not observed in these materials, further work should include an independent evaluation of the 
chemical content of Au in the wires. One of the potential advantages of NW PV is the minimization of 
recombination loss, leading to the possibility to use lower grade starting material. The presence of impurity 
related deep levels may nevertheless be deleterious to PV device operation, and evaluation of this would require 
current transport measurement of a junction device (from temperature dependent current transport 
measurements). If Au-catalysed wires prove unsuitable, then NWs grown with alternative catalysts, such as Sb 
and Bi, or else self catalysis should be evaluated. 
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